Purpose: Ultrasound (US) molecular imaging by examining the expression of vascular endothelial growth factor receptor 2 (VEGFR2) on uterus vascular endothelium was applied to evaluate the endometrial receptivity. Methods: VEGFR2-targeted ultrasound contrast agents (UCA) and the control UCA (without VEGFR2) were prepared and characterized. Adhesion experiment in vitro was performed with mouse microvascular endothelial cells (bEnd.3) and the ratio of the number of UCA to that of cells at the same field was compared. In vivo study, randomized boluses of targeted or control UCA were injected into the animals of non-pregnancy (D0), pregnancy on day 2 (D2) and day 4 (D4), respectively. Sonograms were acquired by an ultrasound equipment with a 40-MHz high-frequency transducer (Vevo 2100; VisualSonics, Toronto, Canada). The ultrasonic imaging signals were quantified as the video intensity amplitudes generated by the attachment of VEGFR2-targeted UCA. Immunoblotting and immunofluorescence assays were used for confirmation of VEGFR2 expression. Results: Our results showed that VEGFR2-targeted UCA could bind to bEnd.3 cells with significantly higher affinity than the control UCA (9.8 ± 1.0 bubbles/cell versus 0.7 ± 0.3 bubbles/cell, P < 0.01) in vitro. The mean video intensity from the US backscattering of the retained VEGFR2-targeted UCA was significantly higher than that of the control UCA in D2 and D4 mice (D2, 10.5 ± 2.5 dB versus 1.5 ± 1.1 dB, P < 0.01; D4, 15.7 ± 4.0 dB versus 1.5 ± 1.2 dB, P < 0.01), but not significantly different in D0 mice (1.0 ± 0.8 dB versus 0.9 ± 0.6 dB, P > 0.05). Moreover, D4 mice showed the highest video intensity amplitude, indicating the highest VEGFR2 expression when compared with D2 and D0 mice (P < 0.01). This was further confirmed by our immunoblotting and immunofluorescence experiments.
Introduction
In vitro fertilization (IVF) is a common and effective alternative reproductive technology which assists women become pregnant. However, more than half cases still fail to implant due to the inadequate endometrial receptivity, even the transferred embryos are apparently normal [1] . Endometrial receptivity, also called the 'window' of implantation, refers to the state of the endometrium when the endometrial epithelium is structurally and functionally ready to accept the embryo for implantation [2] [3] [4] . Normally, it is a spatiotemporally restricted window. This period begins 6-8 days after the luteinizing hormone (LH) surges and lasts about 48 h in humans [1] . In mice, the window is only opened around midnight on day 4 of pregnancy (day 1 = vaginal plug) [5] . Since endometrial receptivity is considered the primary factor to determine the pregnancy rate of IVF, how to evaluate the receptivity of endometrium becomes challenge to improve the rate of embryo implantation in reproductive medicine.
In the clinical practice, assessment of endometrial receptivity mainly relies on endometrial biopsy, ultrasonography, and biochemical detection of various markers such as serum estrogen/progesterone and their receptors, VEGF and their receptors, leukemia inhibitor factor, epidermal growth factor, hCG, ανβ3 and so on [6] . Indeed, endometrial biopsy and biochemical detection of these markers can provide microarchitecture and molecular biological information. But the invasiveness nature of these techniques has made them unwelcome in the clinical context during the reproduction treatment cycles. Ultrasonography is an alternative non-invasive method and has been used to assess endometrial receptivity for many years in the clinical setting. Many characteristics, such as endometrial thickness, endometrial pattern, uterine blood flow and endometrial volume can be visibly detected and used to assess endometrial receptivity. However, the diagnostic criteria from conventional ultrasonography have been not been standardized and its accuracy has been always questioned [7] [8] [9] [10] .
Nowadays, ultrasound molecular imaging has emerged as a promising non-invasive imaging strategy for biological processes at the molecular level. It can not only provide morphological changes of tissues or organs, but also provide cellular and molecular anomalies. Taking advantage of this technology, various diseases or disorders such as arteriosclerosis [11] , thrombosis [12] , inflammations [13] , as well as tumor angiogenesis [14, 15] have been characterized and evaluated.
Angiogenesis is considered a critical component of normal implantation in early stages of pregnancy [16] . Upon fertilization, angiogenesis which primarily occurs in the uterus makes endometrium fertile enough to receive the embryo (Fig.1) . Klauber et al indicated that administration of angiogenetic inhibitor before or after implantation in mice resulted in resorption of all embryos [17] . As a marker of angiogenesis, VEGFR2 is one of significant and necessary molecular signals for endometrial receptivity [18] . Douglas NC et al demonstrated that decidual vascular density and stromal cell differentiation were decreased and the progression of pregnancy was disrupted after blocking with anti-VEGFR2 antibody [19] . VEGFR2-targeted UCA is able to characterize in vivo the VEGFR-2 expression and has been used in various preclinical models related to angiogenesis [20] [21] [22] [23] [24] [25] [26] . In the present study, we hypothesized that ultrasound molecular imaging via VEGFR2-targeted UCA would detect and evaluate endometrial receptivity noninvasively. The VEGFR2-targeted UCA were prepared and the effectiveness to detect endometrial angiogenesis and to evaluate endometrial receptivity was examined. 
Materials and Methods

Preparation of targeted-UCA and control UCA
The targeted-UCA and control UCA were prepared according to previous report [27] . In brief, DSPC: DSPE-PEG2000: DSPE-PEG2000-biotin (molar ratios = 9:0.5:0.5) were blended in chloroform and the solvent was removed under nitrogen flow at room temperature, followed by vacuum treatment over 2 h. The dried blends were hydrated at 60℃ with phosphate buffered saline (PBS), and sub-packaged into vials (1 mL each vial). After that, perfluoropropane (C3F8; Flura, Newport, TN, USA) was added and the admixture was mechanically vibrated for 45 s. The resulting biotinylated-UCA were rinsed and incubated with avidin (3 μg avidin per 10 7 bubbles according to Bachmann C, et al [28] ) in a 20-mL syringe. After washing to eliminate free avidin, these UCA (about 9.8×10 8 
Cell culture and in vitro adhesion experiment
The murine bEnd.3 endothelial cells were cultured in a 6-well plate (1×10 5 cells per well) for overnight in DMEM, supplemented with 10% FBS and 1% penicillin-streptomycin solution. The plate was maintained in a humidified atmosphere containing 5% CO 2 at 37℃. Static adhesion of VEGFR2-targeted UCA to cells was performed. For better visual observation, the cells were stained with DiI. Then,the media were removed and 1 mL of 1×10 8 particles/mL FITC-labeled VEGFR2-targeted UCA was added into the cell monolayer. The cell culture plates were sealed, inverted and rotated for 5 min. After that, free UCA were removed by a PBS rinse. The fluorescence image of UCA binding to cell was observed under a fluorescent microscope. Considering that the targeted UCA used in in vivo experiment were not labeled by FITC, we used unlabeled VEGFR2-targeted UCA and control UCA for quantitative analysis. To test the binding specificity of VEGFR2, cell monolayer was also pre-blocked by an excess of anti-VEGFR2 monoclonal antibody (60μg/mL) for 30 min before adding VEGFR2-targeted UCA. The number of attached UCA was determined under an optical microscope (Olympus, Tokyo, Japan) at five random fields of view. The result was expressed as the ratio of UCA to cell number at the same field.
Development of pregnant mice model
All animal experiments were performed in compliance with the relevant laws and institutional guidelines. Eight to nine-week-old female and male Kunming (KM) mice were caged in a specific pathogen-free animal room with 14 h light and 10 h dark. The estrous female mice were mated with fertile male mice from 17:00 -23:00 h. Identification of a vaginal plug on the following morning was interpreted as mating success. Given that the implantation of blastocyst happens at the night of the fourth day post coitum when there has highest endometrial receptivity, the mice being non-pregnant (Day 0, D0; n = 8), pregnant for 2 days (Day 2, D2; n = 10) and for 4 days (Day 4, D4; n = 7) were selected as subjects in the study. All the mice were performed with ultrasound molecular imaging around at 14:00. After ultrasound imaging, the pregnant mice at D2 and D4 were confirmed by flushing embryos from the reproductive tract [29] .
In vivo ultrasound molecular imaging
Mice were kept anesthetized with 2% isoflurane in oxygen (2 L/min) on a heated stage throughout the ultrasound imaging sessions. Pre-warmed ultrasound gel was used as a coupling agent on the skin of the mice. Ultrasound molecular imaging was performed using a dedicated small-animal high resolution ultrasound imaging system (Vevo 2100; VisualSonics, Toronto, Canada). Image acquisition and quantification were performed according to the report described by Lyshchik et al [20] . Images were acquired by a high-resolution transducer, and all imaging parameters (lateral and axial resolution of 40 μm and 90 μm, respectively; grain, 25 dB; focal depth, 4 ～ 6 mm; transmit power, 30%; mechanical index, 0.2; dynamic range, 60 dB, frame rate, 25 Hz and a center frequency of 40 MHz) were kept constant during all imaging sessions. The image plane was positioned in the transverse section of the uterine horn. To decrease speckle variance, both the ultrasound probe and the animal were fixed and remained at the same position throughout the study. 5×10 7 VEGFR2-targeted UCA or nontargeted UCA (in 100 μL PBS) were administered through intravenous injection into tail veins. After the 4-minute waiting period, approximately 200 ultrasonographic frames of the uterus were acquired. Then a high-power ultrasound destruction sequence (frequency: 10 MHz, and a mechanical index (MI): 0.59) was applied for 1 second to destroy these UCA. Following destruction, another 200 imaging frames were acquired. To minimize the bias and test the specificity of the signal coming from adherent targeted UCA, we injected VEGFR2-targeted UCA and nontargeted UCA into the same mice in random order. A 30-minute waiting time was allowed to clear UCA from previous injections [30] .
Imaging data analysis
The imaging data sets of all mice were analyzed by Vevo2100 built-in software (VevoCQ; Visualsonics, Toronto, Ontario, Canada). Regions of interest were drawn covering the entire area of the uterus. Image processing for each uterus relied on two sets of images: a predestruction data set and a postdestruction (reference) data set. The predestruction data set was composed of three components: (a) the imaging signal from the uterine tissue, (b) signal from circulating UCA that were not attached to the receptors, and (c) signal from UCA attached to the receptors on the endothelial cells. The postdestruction reference data set consisted of two components: (a) the imaging signal from the uterine tissue and (b) signal from UCA that were freely circulating in the vessels. The imaging signal from attached UCA was assessed by calculating an average for pre-and postdestruction imaging signals and subtracting the average postdestruction signal from the average predestruction signal. The subtracted signal was coloured green and then displayed as a coloured overlay on the B-mode images.
Immunofluorescence staining
After ultrasound imaging, the mice were sacrificed immediately and uterus were harvested for the histological study. Double staining for VEGFR2 and CD31 was performed to confirm co-localization of VEGFR2 on CD31-positive vascular endothelial cells. Briefly, the dissected uterus samples were covered with Tissue-Tek (Sakura), and then frozen in liquid nitrogen vapor. The tissue sections (10 μm) were cut with a cryostat microtome (CM1950; Leica, Heidelberg, Germany) and fixed with pre-cooled acetone for 2 min, followed by drying in air for at least 1 h. Then, the sections were rinsed with PBS for 5 min and incubated with 0.03% H2O2 in PBS, and subsequently blocked with 5% goat serum for 1 h at room temperature. After that, slides were co-incubated with rabbit anti-mouse VEGFR2 antibody (Cell Signaling Technology Inc., Danvers, MA) and rat anti-mouse CD31 antibody (eBioscience, San Diego, CA) at a dilution of 1:200 overnight at 4°C. Cy3-conjugated anti-rabbit (biorbyt, Cambridge, UK) and FITC-conjugated anti-rat secondary antibodies (eBioscience, San Diego, CA) were used to visualize the expressions of VEGFR2 and CD31, respectively. Fluorescent images were acquired at × 200 magnifications with a laser scanning confocal microscope (TCS SP5, Leica, Germany).
Immunoblotting
Protein lysates from uterus were prepared with the RIPA Lysis Buffer (Beyotime, Shanhai, China) containing with protease inhibitor Cocktail Set I (Merck, Darmstadt, Germany). Lysates were centrifuged (12,000 rpm) for 5 min at 4°C. A loading buffer (0.5 mol/L Tri-HCl, 10% sodium dodecyl sulfate, 0.5 mol/L DTT, 0.5% bromophenol blue and 50% glycerol, pH6.8) was added to the lysate. Thirty micrograms of each protein sample was then separated in 10% precast SDS-PAGE gels and transferred onto the nitrocellulose membrane. After blocked with 5% milk in 1×Tris-buffered saline-Tween 20 (TBST) for 1 h at room temperature, the membrane was further incubated with primary rabbit anti-mouse VEGFR2 antibody (1:1000 dilution; Cell Signaling, MA) and the secondary HRP conjugated anti-rabbit IgG (1:5000 dilution; Cell Signaling, MA). As a control, the mice anti-β-actin-HRP antibody (1:20,000 dilution; Sigma, St. Louis, MO) was used. The immunoblots were visualized by an enhanced chemiluminescence (ECL) detection system (Pierce, IL, USA) and images were acquired by a Kodak Image Station 4000 MM PRO Digital Imaging System (Eastman Kodak Company, Rochester, NY, USA).
The VEGFR2 expression level was quantified with Image J software. The mean gray intensity of VEGFR2 and corresponding β-actin bands, which served as internal controls, were measured for each uterus sample. The background intensity of the membrane was also measured and subtracted from each sample. The ratio of VEGFR2 to β-actin band density was calculated, expressed as a percentage, and used as a relative measure of VEGFR2 expression.
Statistical Analysis
All results are presented as mean ± standard deviation (SD). Comparisons between bubble sizes, binding affinity of targeted UCA with and without preincubation of the cells with antibodies were compared using one tailed unpaired Student test. Comparisons within each uterus of targeted UCA signal intensity versus control UCA signal intensity were made with 2-sided paired Wilcoxon tests. Comparisons of targeted signal intensity, immunoblotting band density in D0, D2 or D4 mice were made with a 2-sided unpaired Wilcoxon test. The differences were considered to be significant for * P < 0.05, and to be very significant for ** P < 0.01. Fig. 2 showed the green fluorescent image ( Fig.  2A) and its corresponding transmission image (Fig.  2B ) of FITC-labeled VEGFR2-targeted UCA, indicating the successful conjugation of anti-VEGFR2 antibodies to the surface of UCA. Quantitatively, there are about 4.86 × 10 5 antibody molecules conjugated to a microbubble. The mean sizes of VEGFR2-targeted UCA and control UCA were similar, with 2.67 ± 0.30 μm and 2.47 ± 0.45 μm, respectively (P > 0.05). Typical size distributions of the control and VEGFR2-targeted UCA are shown in Fig. 2C . The size distribution for VEGFR2-targeted UCA was centered at ~ 1.68 μm diameter with secondary peaks at ~ 4.21 and ~ 6.85 μm diameters, with a slight different distribution for non-targeted UCA, which was centered at ~ 1.78 μm diameter with secondary peaks at ~ 4.45 μm diameter. Fig. 3B ). Merged image exhibited that cells were surrounded by targeted UCA (Fig. 3C) . In bright field, a large number of VEGFR2-targeted UCA were bound to bEnd.3 cells (Fig. 3D) . But pre-blocking by an excess of anti-VEGFR2 monoclonal antibody significantly decreased the number of VEGFR2-targeted UCA attached to bEnd.3 cells, with 1.7 ±_0.2 bubbles per cell (Fig. 3E and 3G ). In addition, it was found there was few control UCA to be able to bind to bEnd.3 cells (Fig. 3F) . Quantitative analysis showed that the binding affinity of VEGFR2-targeted UCA was significantly larger than that of control UCA (9.8 ± 1.0 versus 0.7 ± 0.3, **P< 0.01) (Fig. 3G) . In vivo ultrasound molecular imaging Fig.4 showed representative B-mode, background-subtracted, and molecular sonograms of the D0 murine uterus by using of the control UCA and VEGFR2-targeted UCA. Similar with the control UCA (Fig.4B, 4C ), the imaging signal was very low after injection of VEGFR2-targeted UCA (Fig.4E, 4F ). Quantitative analysis of imaging signal intensity showed there was not significantly different for the two UCA (0.9 ± 0.6 dB for the control UCA versus 1.0 ± 0.8 dB for the VEGFR2-targeted UCA, P > 0.05). Fig.5 showed representative B-mode, background-subtracted, and molecular sonograms of the D2 uterus after administration of the control UCA and VEGFR2-targeted UCA. In D2 pregnant mouse, the imaging signal of the uterus from the VEGFR2-targeted UCA (Fig.5E, 5F ) was higher than that from the control UCA (Fig.5B, 5C ). There was 10.5 ± 2.5 dB for the VEGFR2-targeted UCA versus 1.5 ± 1.1 dB for the control UCA (P < 0.01). The representative B-mode, background-subtracted, and molecular sonograms of the D4 uterus were showed in Fig.6 . Interestingly, retention of the VEGFR2-targeted UCA resulted in a further increase in the ultrasound signals (Fig.6E, 6F ), comparing with that of the control UCA in uterus (Fig.6B, 6C) . Quantitatively, the imaging signal intensity of the VEGFR2-targeted UCA and the control UCA in the D4 uterus were 15.7 ± 4.0 dB and 1.5 ± 1.2 dB, respectively (P < 0.01). An obvious increasing trend in the imaging signals from the VEGFR2-targeted UCA but not the control UCA can be found in Fig.7 when plotting the ultrasound signal intensities from the uterus of the D0, D2 and D4 pregnant mice versus mouse pregnancy time. Compared with D0 mice, there were 10.5-and 15.7-fold higher ultrasound signal intensities from VEGFR2-targeted UCA for D2 and D4 pregnant mice, respectively (P < 0.01). Also, the ultrasound signal from the uterus of the D4 pregnant mice was 1.5-fold higher than that of the D2 pregnant mice (P < 0.05). No significant increase can be found for the control UCA. 
Results
Characterization of VEGFR2-targeted and control UCA
Examination of VEGFR2-targeted UCA binding affinity to bEnd.3 cells
Immunoblotting and Immunofluorescence
To validate the results of ultrasonography using the VEGFR2-targeted UCA, uterus of D0, D2 and D4 mice were harvested and subsequently analyzed for VEGFR2 expression by immunoblotting and immunofluorescence assay. Immunoblotting results were presented in Fig. 8 , demonstrating relatively lower VEGFR2 expression in the uterus of D0 non-pregnant mice (relative band density, 28.2% ± 6.2%). In comparison, there was a significant higher VEGFR2 expression in the uterus of D2 pregnant mice (86.8% ± 7.3%, P < 0.01) and D4 pregnant mice (142.8% ± 15.0%, P < 0.01), showing a similar trend with the result of ultrasound molecular imaging. The data of immunofluorescence assay for uterus VEGFR2 and CD31 were showed in Fig.9 . From these images, we can see that the expression of VEGFR2 (red) can be co-localizated with CD31 endothelium marker (green), confirming presence of VEGFR2 on endothelial cells within uterus in our study. In addition, just as CD31-positive cells (CD31 is a marker for vascular endothelial cells), VEGFR2-positive cells was also gradually increased as the pregnancy time from D0, D2 and D4 mice. Taken together, the results of immunoblotting and histological evaluation of D0, D2 and D4 uterus correlated with the ultrasound signal intensities obtained with the VEGFR2-targeted UCA. 
Discussion
Pregnancy is a complicated, irreversible biological process involving the following discrete stages: implantation, decidualization, placentation and the birth of offspring [31, 32] . For a successful pregnancy, each stage is essential and highly organized by a series of physiological and molecular processes. Embryo implantation comprises the adhesion of the competent embryo to the endometrial luminal epithelium and the invasion of the stromal compartment underneath. The stromal cells that surround the embryonic implantation site suffer a differentiation process (decidualization). Decidualization is linked to morphological, biochemical and genetic changes, resulting in the trophoblast invasion, the development of blood vessels and the formation of the placenta [33] . Despite lack of sufficient understanding of the molecular and functional mechanisms that control these processes and how the angiogenesis is associated to implantation and decidualization defects, evidences have showed that angiogenesis primarily occurs in the uterus which makes endometrium fertile enough and ready to receive the embryo after fertilization [17, 34] .
Recently various methods, such as endometrial biopsy, ultrasonography and biochemical or biologically molecular examination, have been developed for evaluation of endometrial receptivity [6] . But most of them are invasive and inaccurate which make them controversial in clinical applications [35] . In our study, the use of ultrasound molecular imaging (USMI) based on VEGFR2-targeted UCA is a new approach of great potential. Our in vivo animal experiments demonstrated USMI not only provides morphological but also functional information at the molecular level non-invasively.
We selected non-pregnant (D0), pregnant on day 2 (D2) and day 4 (D4) mice as subjects to investigate the difference of endometrial receptivity. Generally, uterine sensitivity to implantation in mice may be divided into three principal phases: prereceptive (days 1-3), receptive (day 4) and nonreceptive (refractory; day 5 onward) [32, 36] . Embryos cannot be implanted during the prereceptive (preparatory) phase; implantation can take place only during the receptive period. The prereceptive uterus on day 1-3 becomes fully receptive on day 4 in normal pregnant or pseudopregnant mice. Upon closure of the receptive window, the uterus spontaneously transits to the refractory phase [37] .
In our study, the ultrasound signal intensity from targeted UCA increased gradually as pregnancy time passes from D0, D2 to D4, indicating a gradual increase of expression level of VEGFR2 proteins. This change also corresponds to the trend of endometrial receptivity. Indeed, our immunoblotting and immunofluorescent results further confirmed the changes of VEGFR2 expression in the uterus. In all experiments, D4 uterus in pregnant mice showed highest protein expression level or density of VEGFR2-positive vascular structures, while rare expression in D0 uterus. Moreover, although all of control UCA showed significantly lower retention compared with the VEGFR2-targeted UCA in every group, it is still noticeable that retention of the control UCA in D4 and D2 uterus were slightly higher than in D0. It can possibly contribute to the more abundant veins or angiogenesis of uterus in D4 and D2 mice, resulting in more non-specific retention of the control UCA.
There are several limitations of this study. First, some of the targeted UCA (less than 4%) is larger than 7 μm. Embolic event perhaps occurs in the capillary vessel since the capillary vessel is below 7 μm. A possible reason may result from particle aggregation due to the insufficient avidin used in the preparation procedure. Although the percentage of these bubbles is small, the potential risks should be noticed and further works (such as optimizing the avidin concentrations) need to be investigated. Second, backscatter imaging technology was used in this current study. Indeed, it would be better to take advantage of the non-linear imaging technology. In a linear imaging mode, the acoustic signals received by transducer not only come from UCA, but also from tissue. By contrast, the acoustic signals just come from UCA in a non-linear imaging mode. In addition, the concentrations of targeted UCA used in mice may be further optimized to increase the sensitivity of targeted UCA for molecular imaging of uterus angiogenesis.
In conclusion, our study has shown that VEGFR2-targeted UCA can be used to improve in vivo US imaging's contrast and resolution for evaluation of VEGFR2 expression on uterus vascular endothelium. This imaging modality may provide an effective means to assess function of uterus angiogenesis before implantation on the molecular level.
